Data from the PAMELA satellite experiment were used to perform a detailed measurement of under-cutoff protons at low Earth orbits. On the basis of a trajectory tracing approach using a realistic description of the magnetosphere, protons were classified into geomagnetically trapped and re-entrant albedo. The former include stably-trapped protons in the South Atlantic Anomaly, which were analyzed in the framework of the adiabatic theory, investigating energy spectra, spatial and angular distributions; results were compared with the predictions of the AP8 and the PSB97 empirical trapped models. The albedo protons were classified into quasi-trapped, concentrating in the magnetic equatorial region, and un-trapped, spreading over all latitudes and including both short-lived (precipitating) and long-lived (pseudo-trapped ) components. Features of the penumbra region around the geomagnetic cutoff were investigated as well. PAMELA observations significantly improve the characterization of the high energy proton populations in near Earth orbits.
Introduction
The radiation environment in Earth's vicinity constitutes a well-known hazard for the space missions. Major sources include large solar particle events and the Van Allen belts, consisting of intense fluxes of energetic charged particles experiencing long-term magnetic trapping. Specifically, the inner belt is mainly populated by protons, mostly originated by the decay of albedo neutrons according to the CRAND mechanism (Walt 1994) . A standard description of such an environment is provided by the AP8 empirical model (Sawyer & Vette 1976) , based on data from satellite experiments in the 1960s and early -4 -1970s. Recently, significant improvements (Meffert & Gussenhoven 1994; Huston & Pfitzer 1998; Heynderickx et al. 1999; Xapsos, et al. 2002) have been made thanks to the data from new spacecrafts (Gussenhoven et al. 1993 (Gussenhoven et al. , 1995 Looper et al. 1996 Looper et al. , 1998 Huston et al. 1996) . Nevertheless, the modeling of the trapped environment is still incomplete, with largest uncertainties affecting the high energy fluxes in the inner zone and the South Atlantic Anomaly (SAA), where the inner belt makes its closest approach to the Earth 1 .
In addition, the magnetospheric radiation includes populations of albedo protons, originated by the collisions of Cosmic-Rays (CRs) from interplanetary space on the atmosphere (Treiman 1953) . A quasi-trapped component concentrates in the equatorial region and presents features similar to those of radiation belt protons, but with limited lifetimes and much less intense fluxes (Moritz 1972; Hovestadt et al. 1972; Fiandrini et al. 2004 ). An un-trapped component spreads over all latitudes (Alcaraz et al. 2000; Bidoli et al. 2003) including the "penumbra" region around the geomagnetic cutoff, where particles of both cosmic and atmospheric origin are present (Cooke et al. 1991) .
New accurate measurements of the CR radiation at low Earth orbits have been performed by the PAMELA experiment (Adriani et al. 2014) . This paper reports the observations of the geomagnetically trapped and re-entrant albedo protons.
Data analysis
PAMELA is a space-based experiment designed for a precise measurement of charged CRs in the energy range from some tens of MeV up to several hundreds of GeV. The
1 The SAA is a consequence of the tilt (∼10 deg) between the magnetic dipole axis of the Earth and its rotational axis, and of the offset (∼500 km) between the dipole and the Earth centers.
-5 -Resurs-DK1 satellite, which hosts the apparatus, has a semi-polar (70 deg inclination) and elliptical (350÷610 km altitude) orbit. The spacecraft is 3-axis stabilized; its orientation is calculated by an onboard processor with an accuracy better than 1 deg. Particle directions are measured with a high angular resolution (< 2 deg). Details about apparatus performance, proton selection, detector efficiencies and experimental uncertainties can be found elsewhere (see e.g. Adriani et al. (2013) ). The data set analyzed in this work includes protons collected by PAMELA between 2006 July and 2009 September.
Particle classification
Trajectories of all detected down-going protons were reconstructed in the Earth's magnetosphere using a tracing program based on numerical integration methods (Smart & Shea 2000 , and implementing the IGRF11 (Finlay et al. 2010 ) and the TS05 (Tsyganenko & Sitnov 2005) as internal and external geomagnetic models.
Trajectories were propagated back and forth from the measurement location, and traced until: they reached the model magnetosphere boundaries (galactic protons); or they intersected the absorbing atmosphere limit, which was assumed at an altitude 2 of 40 km (re-entrant albedo protons); or they performed more than 10 6 /R 2 steps 3 , where R is the particle rigidity in GV, for both propagation directions (geomagnetically trapped protons).
Trapped trajectories were verified to fulfil the adiabatic conditions (Adriani et al. 2015a ),
2 Such a value approximately corresponds to the mean production altitude for albedo protons.
3 Since the program uses a dynamic variable step length, which is of the order of 1% of a particle gyro-distance in the magnetic field, such a criterion ensures that at least 4 drift cycles around the Earth were performed.
-6 -in particular the hierarchy of temporal scales: ω gyro ≫ ω bounce ≫ ω drif t , where ω gyro , ω bounce and ω drif t are the frequencies associated with gyration, bouncing and drift motions.
Albedo protons were classified into quasi-trapped and un-trapped. The former have trajectories similar to those of stably-trapped, but are originated and re-absorbed by the atmosphere during a time larger than a bounce period (up to several tens of s). The latter include both a short-lived component of protons precipitating into the atmosphere within a bounce period ( 1s), and a long-lived (pseudo-trapped ) component with rigidities near the geomagnetic cutoff (penumbra region), characterized by a chaotic motion (non-adiabatic trajectories). Further details, including distributions of lifetimes and production/absorption points on the atmosphere, can be found in Adriani et al. (2015b) .
Flux calculation
Proton fluxes were derived by assuming an isotropic flux distribution in all the explored regions except the SAA. In this case, fluxes are significantly anisotropic due to the interaction with the Earth's atmosphere, and thus the gathering power of the apparatus (Sullivan 1971 ) depends on the spacecraft orientation with respect to the geomagnetic field. Consequently, a PAMELA effective area (cm 2 ) was evaluated as a function of particle energy E, local pitch angle α and satellite orientation Ψ:
where β is the gyro-phase angle, θ=θ(α, β, Ψ) and φ=φ(α, β, Ψ) are respectively the zenith and the azimuth angle describing particle direction in the PAMELA frame 4 , and A(E, θ, φ)
is the apparatus response function. The effective area was evaluated with accurate Monte 4 The PAMELA frame has the origin in the center of the spectrometer cavity; the Z axis is directed along the main axis of the apparatus, toward incoming particles; the Y axis is Carlo simulations based on integration methods (Sullivan 1971) . Finally, in order to account for effects due to the large particle gyro-radius (up to several hundreds of km), trapped fluxes were evaluated by shifting measured protons (L, B, B eq ) to corresponding guiding center positions. Further details can be found in Adriani et al. (2015a) .
directed opposite to the main direction of the magnetic field inside the spectrometer; the X axis completes a right-handed system. Data were derived by using the SPENVIS web-tool (Heynderickx et al. 2002) . In general, the UP8 model significantly overestimates PAMELA observations, while a better agreement can be observed with the PSB97 model. However, PAMELA fluxes do not show the spectral structures present in the PSB97 predictions.
5 Note that the un-trapped flux suppression at highest energy and L bins is due to the geomagnetic cut (R < 10/L 3 ) used for selecting adiabatic trajectories. GeV. Finally, pseudo-trapped protons concentrate at highest latitudes and energies (up to ∼ 20 GeV), with a peak in the penumbra originated by large gyro-radius (10 2 ÷ 10 3 km) effects.
Features of the penumbra region are investigated in Figure 4 , where the fraction of galactic over total (galactic + albedo) protons is displayed as a function of particle rigidity and AACGM latitude (left panels); for a comparison, distributions as a function 
Summary and Conclusions
PAMELA measurements of energetic (>70 MeV) under-cutoff proton fluxes at low Earth orbits (350÷610 km) have been presented. The detected proton sample was classified into geomagnetically trapped and re-entrant albedo on the basis of accurate particle tracing techniques.
Stably-trapped protons, confined in the SAA at PAMELA altitudes, were investigated in the framework of the adiabatic theory. PAMELA data extend the observational range for the trapped radiation down to lower L-shells (∼ 1.1 R E ) and up to highest kinetic PAMELA results significantly enhance the characterization of high energy proton populations in a wide geomagnetic region, enabling a more precise and complete view of atmospheric and magnetospheric effects on the CR transport near the Earth.
